ABSTRACT: Around 10% of the worldwide annual production of gold is used for manufacturing of electronic devices. According to the European Commission, waste electric and electronic equipment is the fastest growing waste stream in the European Union. This has generated the need for an effective method to recover gold from electronic waste. Here, we report a simple, effective, and highly selective nylon-12-based three-dimensional (3D)-printed scavenger objects for gold recovery directly from an aqua regia extract of a printed circuit board waste. Using the easy to handle and reusable 3D-printed meshes or columns, gold can be selectively captured both in a batch and continuous flow processes by dipping the scavenger into the solution or passing the goldcontaining solution through the column. The possibility to optimize the shape, size, and flow properties of scavenger objects with 3D printing enables the gold scavengers to match the requirements of any processing plants.
■ INTRODUCTION
The development of three-dimensional (3D) printing techniques and printing materials has been booming over the past decades. 1 Materials from resins to metals can nowadays be printed to produce complex objects with precise dimensions and desired mechanical properties. The focus of interest is slowly expanding toward 3D-printed objects that possess additional physical or chemical functionalities. Currently, the 3D printing technique has been utilized for antimicrobial composites 2 and ion-exchange membranes, 3, 4 as well as for pHsensitive and catalytically active materials.
5−7 Even polymerbonded rare-earth metal magnets 8 and quantum dot lightemitting diodes have been successfully printed. 9 Despite the progress in the field of functional 3D objects, the true potential of the technique has not been fully exploited, e.g., in chemistry. The use of 3D printing techniques in production of continuous flow reactors, chromatographic, or ion-exchange columns using an active material would open up a completely new level of control, e.g., of the reagent flow. If the conventional columns filled with active powder or beads are replaced with a column in which the adsorbent is also printed, practical pitfalls, such as unfavorable adsorbent packing and uneven eluent flow through the column, could be completely avoided. In the current work, we have used this approach in hydrometallurgy of electronic waste to prepare an efficient, selective, and simple collector for capturing gold from a complex mixture of dissolved metal ions.
Gold is widely used in the electronic industry, and with the waste electric and electronic equipment (WEEE) stream generated in the European Union predicted to be over 12 million tons by 2020, 10 an effective recovery method for gold is needed. Currently, used gold recovery methods include physical, pyrometallurgical, or hydrometallurgical treatments, or their combinations.
11−14 However, most of these methods suffer from environmental risks and from the need for extensive preprocessing of the material. 15−17 Hydrometallurgical processes have proven to be successful for leaching 13, 18, 19 of gold from WEEE, but the recovery of gold from solution is often laborious, containing several steps. 12, 20, 21 After the leaching, ion-exchange resins are often being used as an adsorbent for the gold, as has been widely reported. 18,22−26 There have also been reports of polymers, such as polypyrrole and polyaniline, being used to recover gold. 27−29 Because of lack of selectivity of the adsorbents and various other recovery methods, extensive preprocessing of the sample is often required. 17, 30 Typical scavenger materials used to adsorb the dissolved gold consist of small particles and hence a filtration system is often required, either to recover the used adsorbent or to purify the solution stream of remaining particles. The above difficulties make recycling the adsorbent challenging or even impossible.
These problems can be avoided by using 3D printing. 31 The scavenger material is printed in a form of a column or a mesh, and the ion-containing solution is either flowed through it or the object is simply dipped into the solution. The captured metal ions can then be recovered by elution with a suitable solution, after which the scavenger is reusable for metal capturing. We used inexpensive 50 μm nylon-12 (N12) powder for printing scavengers and tested these scavengers to selectively adsorb gold from aqua regia solutions containing up to 500 times higher concentrations of other metal ions. The binding of gold as [AuCl 4 ] − on nylon has been previously noted, 32 but to our knowledge, the excellent selectivity of nylon toward gold has not been reported. The binding mechanism between the amide group and [AuCl 4 ]
− has been predicted to be related to hydrogen bonding between the hydrogen of the protonated amide group and the chlorides of the gold complex. 33 The cause for selectivity toward gold could potentially be because of −1 charge of the complex and square planar geometry of the [AuCl 4 ] − . The only other species possessing square planar geometries in the solution would be chloride complexes of Pt(II) and Pd(II). These, however, would have a charge of −2. The selectivity of the material will be investigated further in future by using molecular modeling.
■ RESULTS AND DISCUSSION
To find out the impact of 3D printing by the selective laser sintering (SLS) technique on the properties of nylon-12, we first tested the gold-capturing efficiency of the powder. The selectivity was tested using a solution mimicking the high concentrations of other metals typically present in acid-leached electronic waste (100 ppm of Ni, Zn, Fe, and Cu and 50 ppm of Al, Cr, Pb, and Sn along with 5 ppm of Pd, Pt, and Au in 5% hydrochloric acid). The 10 mL samples were treated with 50 mg of N12 powder, and the slurry was stirred at room temperature for 4 h after which the powder was filtered off. The PerkinElmer inductively coupled plasma optical emission spectrometry (ICP-OES) Optima 8300 DV was used to determine the metal-ion concentrations in solution before and after the adsorption experiments. All in all, 96.4% of gold was adsorbed by the N12 powder together with 4.6% of the platinum, whereas noticeable adsorption of any of the other metals was not observed (Figure 1, green columns) . To compare adsorption properties of different nylon polymers, nylon-11 (N11) and one of the most commonly used commercial grade of nylon, nylon-6,6 (N66), were also tested under the same conditions as that of N12. The N11 behaves much like N12, showing comparable selectivity with N12, but N66 was found to be less selective, adsorbing 25.6% of platinum and 13.8% of palladium along with 93.6% of the gold (Table S1 ). As nylon polymers are extensively used by the clothing industry, the typical fabric used, for example, for sport socks (82% of nylon, 16% of polypropylene, and 2% of elastane), was also tested and found to have similar properties as those of the N66 powder (Table S1 ). The comparisons indicate clearly that the highest selectivity can be achieved by using longer carbon chain nylon polymers N12 and N11.
To test the N12 powder with real electronic waste, a sample of aqua regia leached printed circuit boards (PCBs) was used. The PCB sample used contained 25 000 mg L −1 copper, 2700 mg L −1 iron, 1700 mg L −1 zinc, 1600 mg L −1 nickel, and 850 mg L −1 tin, along with high concentrations of other metal ions. The gold concentration in PCB was 73 mg L −1 . PCB leachate also contains silver, but the presence of chloride in the leaching solution accompanied by dilution leads to precipitation of silver chloride. Therefore, changes in silver concentration were not monitored. Silver precipitate can be simply filtered off before using a nylon scavenger. In N12 powder adsorption experiments, the PCB samples were diluted in a 1:1 ratio with ultrapure water and then stirred with 50 mg of N12 for 4 h. From the PCB sample, 77.8% of the gold was adsorbed, whereas tin (1.6%) was the only other metal-ion adsorbed ( Figure 1 − in 5% hydrochloric 
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Article acid for 24 h. A capacity higher than 66 mg of gold per 1 g of N12 powder was observed.
The actual 3D-printed scavengers were prepared by using N12 powder and a selective laser sintering (SLS) 3D printing technique. Both cube-shaped meshes for batch processes and column-shaped scavengers for continuous flow processes were printed ( Figure 2 ). The selectivity and recovery capability of the 3D-printed mesh ( Figure 2a) in a batch process were tested using the same test solution as that for the N12 powder. Soaking the mesh into the test solution for 4 h yielded gold recovery of 90.4% with no noticeable amounts of other metals adsorbed into the mesh.
The continuous flow behavior of the short 3D-printed column shown in Figure 2b (35 mm long scavenger part with 27 mm diameter) was tested by passing the test solution through the column. With the tested short column, the flow rate was ca. 3 mL s −1 . The high flow rate leads to overall contact times of ca. 3−5 s with a 10 mL sample. Even with this very short contact time, the tested scavenger adsorbed 27.2% of gold with only traces of other metals. With a column consisting of three scavenger units (total length 105 mm) 47.8% and with a column of 10 scavenger units (total length 350 mm), 82.7% of gold was captured. Even in the last case, the contact time remained very short (30s). The results can be even further improved by adjusting the flow rate through to the column. This can be done either by restricting the flow rate by using a valve or by redesigning and optimizing the flow channels in the scavenger units. The total recovery percentage can also be increased by recycling the solution through the column.
The capacity of the 3D-printed objects depends on the structure of the object and the printing parameters used. Because the specific surface area and capacity is dependent on the shape, size, and the design of the flow channels, it is difficult to give a simple figure for the capacity of the printed scavenger. Therefore, we tested the capacity of small solid rectangular printed plates with no elaborated pore structure to get a limiting value for the capacity. The capacity of these solid objects ranged from 13 to 18 mg per 1 g of the 3D-printed object. However, the surface area and thereof capacity of the 3D-printed object can be improved considerably by careful design of the surface structure.
One of the advantages of the scavenger objects is that gold can be nearly quantitatively removed from them by a simple elution process. Elution can be carried out by using nitric acid as eluent if acidic conditions are preferred (see the Methods section). Effective elution can also be obtained by using organic eluents such as diethylene glycol dibutyl ether. In both cases, the 3D-printed scavenger is fully reusable after gold has been removed.
The results show that 3D printing retains the excellent gold recovering properties of nylon-12. Obviously, 3D printing reduces the surface area of the object compared to the same amount of powder. However, the surface structure of the printed objects can be controlled up to a point by adjusting the 3D printing conditions: low laser power will produce an object with higher porosity and larger surface area (Figure 3 ). High laser power will increase the durability of the object but reduce the surface area, as the sintering of the material is more extensive ( Figure S1 ).
The main advantage of the use of 3D-printed scavengers is that the gold can be separated directly from the diluted leachate with no tedious preprocessing steps. Scavengers can be easily scaled ( Figure S2c ) and modified accordingly to meet the users' requirements even up to the industrial scale. It is expected that by using other printable polymers with other functional groups or hybrid materials, other metals can also be captured by using 3D-printed scavengers. In such a case, scavenger modules with different selectivity could be linked together to obtain multimetal scavengers with detachable ion-specific modules. Because the 3D-printed scavengers are highly selective, they can be used for recovering gold from leachates originating from sources other than electronic waste as well. In general, the use of chemically functional printing materials can extend considerably the use of 3D printing in manufacturing of chemically active devices.
■ METHODS Chemicals and Solvents. Synthetic solutions were prepared from stock spectroscopy standard solutions (1000 ppm) purchased from PerkinElmer. Nylon-12 was purchased from EOS and Advanc3d Materials and was in the form of powder, with an average particle diameter of 50 μm. Nylon-11 powder having an average particle diameter of 50 μm was purchased from Advanc3d Materials. Nylon-6,6 was purchased from Sigma-Aldrich and had an average particle diameter of 15−20 μm. Nitric acid (≥65%) and hydrochloric acid (≥37%) were purchased from Sigma-Aldrich. All of the chemicals were used as received. High-purity water of 18.2 MΩ cm resistivity produced by a Purelab Ultra water purification system supplied by Elga (Buckinghamshire, U.K.) was used in all experiments. No unexpected or unusually high safety hazards were encountered.
Sample Preparation. The sample solution for the synthetic tests was prepared by diluting the 1000 ppm PerkinElmer spectroscopy standards. The solution prepared contained 100 ppm of Ni, Zn, Fe, and Cu and 50 ppm of Al, Cr, Pb, and Sn along with 5 ppm of Pd, Pt, and Au in 5% hydrochloric acid. The electronic waste sample was prepared by 
Article milling printed circuit boards (PCBs) down to fine particles and ashing them for 4 h at the temperature of 950°C. One gram of the ashed sample was placed in a 50 mL centrifuge tube along with 10 mL of aqua regia. Ultrasound-assisted leaching was performed at room temperature using six cycles lasting 3 min each. Between the cycles, the pressure was released from the reaction containers. The ultrasound water bath used was Elma Elmasonic P. Leached samples were filtered (Whatman 41) and diluted in a 1:1 ratio with ultrapure water.
Recovery from Synthetic Solution. A 10 mL sample of the synthetic solution was placed in a 15 mL centrifuge tube. Fifty milligrams of nylon-12 powder was added into the tube. The tube was sealed and then stirred using Stuart SF1 at 500 osc min −1 for 4 h at room temperature. Nylon-12 was removed from the sample solution by filtration (Whatman 41). The same procedure was used for testing nylon-11 (N11), nylon-6,6 (N66), and the fabric samples. All of the tests discussed in this article were performed in triplicate. Recovery percentages of the metals with significant decrease in concentration are presented in Table S1 .
Recovery from Synthetic Solution Using Acid-Washed N12 Powder. A 1 g sample of the N12 powder was placed in a glass column and 200 mL of 10% aqua regia, followed by 200 mL of water being passed through it. The N12 powder was dried at 105°C for 4 h and was then used for adsorption tests. Ten milliliters of the synthetic solution was placed in a 15 mL centrifuge tube. Washed and dried N12 powder (50 mg) was added into the tube. The tube was sealed and then agitated using Stuart SF1 at 500 osc min −1 for 4 h at room temperature. Nylon-12 was removed from the sample solution by filtration (Whatman 41). Recovery percentages of the metals with significant decrease in concentrations are presented in Table  S1 .
Recovery from Leached Electronic Waste. Leached electronic waste samples were diluted with ultrapure water in a ratio of 1:1 before gold recovery was performed. The recovery process was conducted by adding 50 mg of the N12 powder into the centrifuge tube containing 10 mL of the solution. The container was sealed, and the sample was agitated for 4 h using Stuart SF1 at 500 osc min −1 at room temperature. Samples were filtered (Whatman 41) to remove the nylon-12.
Capacity of the Material. Solution containing 200 ppm of [AuCl 4 ] − in 5% hydrochloric acid was prepared by diluting the PerkinElmer spectroscopy standard of gold (1000 ppm). Ten milliliters of the solution was placed in a 15 mL centrifuge tube, and 25 mg of nylon-12 was added. The tube was sealed and agitated using Stuart SF1 at 500 osc min −1 for 24 h at room temperature. Samples were filtered (Whatman 41) to remove the nylon-12. A similar test was performed for small, 3D-printed, rectangle-shaped solid objects having average mass of 8 mg. Additionally, the capacity of slightly larger 3D-printed objects, with an average mass of 131 mg, was tested by reacting the objects with 50 mL of the synthetic solution used to test the capacity of the nylon-12 powder.
Recovery from Synthetic Solution Using 3D-Printed Mesh. The test conducted using 3D-printed mesh cube was done by contacting the synthetic solution containing 100 ppm of Ni, Zn, Fe, and Cu and 50 ppm of Al, Cr, Pb, and Sn along with 5 ppm of Pd, Pt, and Au in 5% hydrochloric acid with the object. Twenty milliliters of the synthetic solution was placed in a 50 mL centrifuge tube containing the mesh. The tube was sealed and agitated using Stuart SF1 at 500 osc min −1 for 4 h at room temperature. Recovery percentages of the metals that had significant decrease in concentration are presented in Table S2 .
Recovery from Synthetic Solution Using 3D-Printed Column. The test conducted using 3D-printed columns was done by letting synthetic solution containing 100 ppm of Ni, Zn, Fe, and Cu and 50 ppm of Al, Cr, Pb, and Sn along with 5 ppm of Pd, Pt, and Au in 5% hydrochloric acid flow through the column. A 10 mL sample size was used for the tests. The length of the column was varied. In initial tests, a column containing one functional middle piece with the length of 35 mm and the diameter of 27 mm was used. To further improve the recovery, following tests were done utilizing a column with three functional middle pieces attached and a total length of 105 mm ( Figure S2a ). Additionally, a column with 10 functional middle pieces and total length of 350 mm was tested ( Figure S2b ). For the 350 mm long column, a sample size of 20 mL was used. The size of the column can be easily scaled, as illustrated in Figure S2c . Recovery percentages of the metals that had significant decrease in concentration are presented in Table S2 .
Removal of Gold from Scavenger Objects. Gold removal tests were conducted using a 3D-printed column consisting of three functional units ( Figure S2a) . First, the column was loaded by letting 10 mL of 5% hydrochloric acid solution, containing 10 ppm of Au, run through the column. This loading solution was prepared by diluting the 1000 ppm PerkinElmer spectroscopy standard of gold. About 30% nitric acid (prepared by diluting nitric acid so that the concentration of the removal eluent was 45% of the concentration of concentrated nitric acid) was then used as the gold removal eluent. The removal eluent was let to flow through the collector column in 15 mL pulses. The first 15 mL pulse recovered 47.9% of the adsorbed gold. By using four 15 mL pulses, 99% of the adsorbed gold was recovered. To confirm the ability to use organic eluents, a similar elution test was carried out by using diethylene glycol dibutyl ether as the removal eluent. With one 15 mL pulse, about 15% of gold was recovered. By repeating the pulses, the recovery percentage could be improved, as in the case of nitric acid eluent.
Three-dimensional Printing. Designing of the 3D-printed objects was done using FreeCAD v0.16. Designed objects were prepared for the printer using Slic3r v1.2.9. Images of the designed pieces are presented in Figures S3−S6 . Threedimensional printing was done by using ShareBot SnowWhite SLS 3D printer. Nylon-12 was used as printing powder. A layer thickness of 0.1 mm was used for printing the objects. The laser power used was 50−55%, with a rate of 64 000 (2560 mm s
−1
). The build plate temperature was set to 173°C and was changed to 161°C at an object height of 0.5 mm. The environment temperature was set to 144°C. Five warming layers were used for the print, and the wait time between each layer was set to 12 s.
Objects were cleared thoroughly of any unsintered powder remaining on the surfaces before being taken for adsorption tests. The column used for the tests consisted of several pieces that could be linked together to form the actual column.
ICP-OES Measurements. Measurements were done with PerkinElmer ICP-OES Optima 8300 DV using a GemCone low flow nebulizer and a cyclonic spray chamber. For all measurements, argon gas flow of 8 L min , and a sample flow rate of 1.5 L min −1 was used. The radio frequency power used for all of the measurements was 1500 W. Method detection limits (MDLs) were established using the United
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Article States Environmental Protection Agency method 200.7. 34 The metals analyzed, MDLs, chosen wavelengths, calibration ranges, and R values for methods used for synthetic solution and for leached electronic waste are presented in Tables S3 and S4. Concentrations of the metals present in the solutions were measured before and after the recovery process. Metal recovery rates were calculated from the change in concentration 
where c i is the concentration of the analyte before the gold recovery process and c is the concentration of the analyte after the recovery. SEM. Scanning electron microscope measurements were done using Zeiss EVO-50XVP. Three-dimensionally printed objects were cleared thoroughly of any unsintered powder before the SEM measurements. Figure S1 shows the surface of a 3D-printed object that was manufactured using high laser power.
Statistical Analysis. Results were statistically analyzed on a confidence interval of 95%. The analysis was done as follows
where x ̅ is the average of the analyte concentration after the recovery process. μ is the average of the analyte concentration before the recovery process. s is the standard deviation of the analyte concentration after the recovery process and n is the number of replicates. The number of replicates used for all experiments was three. The hypothesis of the t-tests was that whether the concentrations after the recovery process resulted in significantly lower concentrations than those of the original sample; thus, the one tailed t-test was performed.
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